Bright Hot Impacts by Erupted Fragments Falling Back on the Sun: A Template for Stellar Accretion
Fabio Reale, 1,2 * Salvatore Orlando, 2 Paola Testa, 3 Giovanni Peres, 1, 2 Enrico Landi, 4 Carolus J. Schrijver 5 Impacts of falling fragments observed after the eruption of a filament in a solar flare on 7 June 2011 are similar to those inferred for accretion flows on young stellar objects. As imaged in the ultraviolet (UV)-extreme UV range by the Atmospheric Imaging Assembly onboard the Solar Dynamics Observatory, many impacts of dark, dense matter display uncommonly intense, compact brightenings. High-resolution hydrodynamic simulations show that such bright spots, with plasma temperatures increasing from~10 4 to~10 6 kelvin, occur when high-density plasma (>>10 10 particles per cubic centimeter) hits the solar surface at several hundred kilometers per second, producing high-energy emission as in stellar accretion. The high-energy emission comes from the original fragment material and is heavily absorbed by optically thick plasma, possibly explaining the lower mass accretion rates inferred from x-rays relative to UV-optical-near infrared observations of young stars.
M ass accretion from the circumstellar disk onto the stellar surface plays an important role in the late phases of star formation (1, 2) . Young low-mass stars are presumably connected to and interact with circumstellar disks through magnetic funnels (3). The plasma accretes along the funnels at nearly freefall velocity (hundreds of kilometers/second) onto the central young star. Most evidence for accretion originates from the region of impact of the disk material onto the stellar chromosphere and includes infrared and optical excess emission in lines and continuum (4-6) and a soft (energy < 0.7 keV) x-ray excess above the coronal emission from dense (10 11 to 10 13 cm
) and hot (2 to 4 MK) plasma (7) (8) (9) . Hot impact spots are observed in photospheric emission (10) .
Current models suggest that the impact region is rather complex because of the interplay between radiation and hydrodynamics (11) (12) (13) (14) : The streams might be highly structured in both density and velocity, leading to inhomogeneous impact spots; the impacting material is heated to millions of degrees by kinetic energy dissipation and might partially sink into the chromosphere, its emission being substantially absorbed by the thick chromosphere and by the dense falling material itself. The impact can also drive strong motions and feed material into surrounding coronal structures (14) , as recently suggested for the classical T Tauri star TW Hydrae (accretion-fed corona) (15, 16) . The density and velocity of the accreting material determine the temperature of the hot plasma and the sinking depth (13) . This complexity hampers a deep understanding of the dynamical and radiative properties of the plasma in the impact region and, ultimately, of the accretion processes in young stars.
Here, we study plasma impacts observed after the solar flare on 7 June 2011 at 6 UT that show interesting analogies with inferred stellar accretion impacts. The flare was categorized as "M class" on the Global Online Enrollment System scale of the National Oceanic and Atmospheric Administration. It was observed by the ultraviolet (UV) and extreme UV (XUV) narrowband channels of the Atmospheric Imaging Assembly (AIA) (17) on board the Solar Dynamics Observatory (SDO) (18) , with high spatial resolution (~0.6 arc sec per pixel) and high cadence (12 s) (19) (see supplementary materials, section S1). During the flare, we clearly see, in all SDO/AIA XUV channels, that a dense, dark filament is broken and violently ejected (movie S1). The cloud propagates outward at a speed of several hundred kilometers per second and fragments in all directions. The fastest fragments escape in the form of a typical coronal mass ejection (20) , observed by the Solar and Heliospheric Observatory/Large Angle and Spectrometric Coronagraph (21) white light telescope. Slower fragments fall back onto the solar surface. They are visible in all AIA XUV channels as dark, irregular, and moving strips on the brighter background corona. During their fall, the fragments change their morphology, stretching and dividing further (19) , but they generally maintain a coherent structure and remain dark throughout their trajectory. When the fragments hit the solar surface, they drive intense brightenings in the impact region, visible in all AIA XUV and UV channels. Here, we focus our attention on these impacts (movies S2 and S3).
Before hitting the surface, many downfalling fragments follow similar parabolic trajectories (movie S2); one trajectory was traced to be close to a free fall from combining AIA and STEREO-SECCHI EUVI (22) images. We have measured several impact speeds to be in the range of 300 to 450 km/s (see supplementary materials, section S1.2), similar to typical stellar accretion flow speeds (23) . We know that the fragments are dense and cool, because we see them in absorption in the XUV channels. From the amount of absorption, we constrain their density in the range of 2 to 10 × 10 10 cm −3 with a temperature of~3 × 10 4 K (see supplementary materials, section S1.1). The impacts are dispersed over a large fraction of the solar surface (Fig. 1 ). The typical cross section of impacting fragments is around 2000 to 4000 km, whereas the long side of elongated fragments can extend to >>10 4 km. The duration of the brightenings ranges between 1 and ≥6 min in the XUVand UV spectra. During each brightening, the XUV emission typically increases by factors of 2 to 5 over the unperturbed conditions.
According to magnetograms measured with the SDO/Helioseismic and Magnetic Imager (HMI) ( fig. S4 ), the trajectories of the falling fragments and most impacts occur in regions where the magnetic field is rather weak. Most fragments do not decelerate while falling, and the ram and thermal pressures of the fragments at the impacts are estimated to be substantially larger than the local magnetic pressure (supplementary materials, section S1.3). Thus, we can assume that the magnetic field does not play an important role in the impacts, and we can describe the plasma evolution with a purely hydrodynamic model of plasma blobs, falling in a low-density corona with an impact speed of 400 km/s and a density of 5 × 10 10 cm −3 (both in the measured ranges). We ran several two-dimensional simulations (cylindrical geometry) to match the observed variety of cases: a spherical droplet (with a radius of 2000 km), a train of droplets, and an elongated fragment (stream). An accurate description of the evolution required a very high spatial resolution (down to~5 km; see supplementary materials, section S2.1).
In our simulations, the very dense model fragments fell freely in the tenuous ambient atmosphere with a faint bow shock preceding them. As they hit the chromosphere, they penetrated and smashed against the layers whose pressure was equal to the ram pressure of the infalling fragment (movie S4). The single spherical droplet was soon squashed to a thin, dense, and hot layer and then bounced back, forming an outward surge that expanded at a speed of~200 km/s. The surge reached temperatures above 10 5 K, but it cooled down in a few seconds, due to the rapid expansion and radiative losses.
For comparison with observations, we computed the emission that would be detected with the AIA XUV channels where we expected the plasma to be mostly optically thin; that is, 94, 131, 171, 193, 211, and 335 Å. In agreement with the observation, the emission evolution was similar in all the channels ( Fig. 1 and movie S5) . The plasma became visible in this channel when it rose above the transition region while it bounced back. Although the surge expanded over several tens of seconds, the plasma remained bright for a much shorter time (~20 s) (Fig. 1) and then faded out rapidly, due to the cooling and rarefaction. The brightening region also remained small, not much larger than the initial size of the droplet; it was the internal part of the outward surge and was almost featureless and hemispherical. The plasma did not rise substantially above the surface. We traced that most of the emission came from the original impacting droplet, with very little contribution from the ambient material.
The simulations with the train of droplets and the stream showed longer-living (to more than 100 s) and larger-scale (up to~10,000 km) bouncing structures (movies S6 to S9). Although the emitting plasma was in a shell, integration along the line of sight kept the emission concentrated along the central axis. The longer-lasting stream emission was structured in sequences of evolving blobs and fringes (Fig. 1) .
The morphology of the emission in the simulations matches the observations, up to the later phases when coupling to the surrounding magnetic field becomes important. The size of the emitting region and the temporal evolution of the emission in the simulations are in quantitative agreement with the observations. The observed light curves ( fig. S5 ) have shapes, flux, and time scales similar to those derived from the simulations ( fig. S9 ). The observed brightenings generally last longer than the simulated ones, as can be expected because the impacting fragments may be much more extended than the modeled ones or can be made by showers of smaller-scale blobs, slightly displaced from one another.
Simulations either with a much smaller density of the falling droplet (5 × 10 9 cm ), and the right side is the emission integrated along the horizontal line of sight; i.e., tangential to the solar surface (4223 DN per pixel per second). When integrating, we exclude the heavily absorbed emission; i.e., by plasma at high density (>10 10 cm (movie S11) were unable to produce substantial emission ( fig. S9A) , indicating that the scenario is coherent. Thus, our hydrodynamic simulations show that the hot and bright impacts after the eruption are caused by the high density (>>10 10 cm −3 ) and speed (free-fall speed, 300 to 450 km/s) of the downfalling debris. These values are close to those of the plasma involved in stellar accretion flows.
For most stellar accretion flows [see (15) for an exception], the mass accretion rates derived from x-rays are consistently lower (by one or more orders of magnitude) than the corresponding rates derived from UV-optical-near infrared observations (24) (25) (26) . According to our analysis of a solar event, the impact of the dense fragments leads to detectable high-energy emission. From the model, we find that the mass of plasma responsible for the brightenings in the 171 Å channel (see supplementary materials, section S3) ranges between 5 and 30% of the original mass of the fragments. This is mainly because of the absorption by the optically thick chromosphere and/or by the dense part of the material outflowing after the impact (depending on the orientation of the impact region with respect to the line of sight). In addition, the simulations tell us that droplets with low density or low velocity are unable to produce substantial emission; the observations tell us that some of the falling fragments produce no detectable brightening. Therefore, both the absorption of x-ray emission from dense plasma and the wide range of velocity and density values of the infalling fragments contribute to underestimating the mass accretion rate from the XUV band.
Our simulations also show that the XUVemission arises from the original impacting material. Although our fragmented solar downflows differ from the conceptual stellar accretion flows (which are hypothesized to be continuous streams, channeled by the magnetic field), the structure of the impact region (presenting hot plasma partially rooted in the chromosphere) is similar in the two cases. Moreover, as suggested recently (19) , the accretion flows are likely to be frayed, even when they are magnetically confined and stream along straight tubes. Therefore, the dynamics and energetics spatially resolved in the solar observations are a template and laboratory to study accretion processes in astrophysics. Self-assembly is a process in which interacting bodies are autonomously driven into ordered structures. Static structures such as crystals often form through simple energy minimization, whereas dynamic ones require continuous energy input to grow and sustain. Dynamic systems are ubiquitous in nature and biology but have proven challenging to understand and engineer. Here, we bridge the gap from static to dynamic self-assembly by introducing a model system based on ferrofluid droplets on superhydrophobic surfaces. The droplets self-assemble under a static external magnetic field into simple patterns that can be switched to complicated dynamic dissipative structures by applying a time-varying magnetic field. The transition between the static and dynamic patterns involves kinetic trapping and shows complexity that can be directly visualized.
F unctional patterns and structures are essential in a wide variety of natural and engineered systems (1). They often form of small subunits by autonomous self-assembly, which is driven by free-energy gradients (2). Static selfassembly denotes a process in which the system reaches an energy minimum (equilibrium) wherein the ordered structure appears. Archetypical examples are structured block copolymers (3, 4), nanoparticles (5, 6), nanorods (7), liquid crystals (8), and hierarchical supramolecular systems (9) . They find applications in data storage (10) and structural colors (11), for instance. On the other hand, dynamic self-assembly denotes a process in which the structure forms when the system is forcefully kept away from an energy minimum (out of equilibrium) by continuous energy supply and dissipation (12, 13) . Dynamic self-assembly is most notably encountered in biological systems (14-16),
